An efficient and environmentally benign synthetic protocol has been developed for the synthesis of benzo
Introduction
The diversity of oriented synthesis has inspired advances in drug design and the synthesis of stereochemical and structural variants of special molecular motifs resembling natural product skeletons. 1 2,7-Naphthyridine scaffolds, known as small bispyridine structures, have recently gained attention in novel drug development. Out of the six isomeric forms of naphthyridines, benzo[c] [2, 7] naphthyridines are found in a number of biologically important alkaloids 2,3 such as subarine 1, 4 amphimedine 2, 5 perlolidine 3, 6 meridine 4 (ref . 7) and PDK-I inhibitor 5, 8 as shown in Fig. 1. 1,2 Pyrazole derivatives are an important class of nitrogencontaining heterocycles and have gained much interest in the elds of agriculture research and drug discovery. 9 The pyrazole containing natural products including L-a-amino-b-(pyrazolyl-N)-propanoic acid, 10 withasomnine, 11 pyrazofurin, 12 formycin, 13 oxoformycin B, 14 nostocine 15, 16 and so on, are scaffolds that exhibit a wide range of importance in medicinal chemistry.
Studies in the literature reveal that many of the benzo[c] [2, 7] naphthyridine derivatives [17] [18] [19] [20] [21] have been synthesized employing new strategies to investigate the potential of fused ve membered heterocycles such as isoxazolo-, 22 cyclopenta-, 23 pyrazolo-, 24 imidazo- 25 and furo- 26, 27 annulated 2,7-naphthyridines. Numerous reported elegant reactions that oen involved multistep harsh reaction conditions using organic solvents and homogenous or heterogeneous catalysts. 28, 29 In particular, transition metal free synthesis is an ideal synthetic route starting from simple and easily available raw materials and carried out under green and standard reaction conditions with a single operation and excellent tolerance of multifunctional groups for further derivatization. The use of green solvents is well accepted and an effective solution for not having to use multistep harsh reaction conditions. Water is the most oen used green solvent for organic syntheses and is the rst choice of organic chemists as it is nontoxic, readily available, inexpensive, has valuable effects on reaction rates and selectivity of organic transformations. 30 Various terminologies such as "on-water," "in-water", "in the presence of water" have evolved for when water is used as a reaction medium. Insolubility of several organic reactants in water make the reaction mixture heterogeneous which may cause difficulties in the use of water as a solvent. 31 It has been observed that many organic reactions proceed faster in heterogeneous mixtures rather than in homogeneous mixtures. The in-water (homogeneous mixture) reactions usually accelerate the rate via an enforced polarity effect, hydrophobic and hydrogen bonding interactions, whereas in the case of on-water (heterogeneous mixture) reactions, the acceleration of reaction rates has been observed due to the presence of free OH groups on the organic-water interface. 32, 33 Herein, the development of new eco-friendly and efficient routes for the solid-liquid phase heterogeneous synthesis of benzo[c]pyrazolo [2, 7] naphthyridines via an onwater multi-component reaction in the presence of NaOH, are described. Although, as far as is known, 2,7-naphthyridines fused with benzo at side-c and with pyrazole at side-f depicted as naphthyridine 6 ( Fig. 1 ) are hitherto unknown. So this paper reports an on-water green synthetic methodology of benzo[c] naphthyridine derivatives fused with a pyrazole moiety.
Results and discussion

Synthesis of benzo[c]pyrazolo[2,7]naphthyridines
The current research points towards the exploitation of the innate reactivity of substituted benzo[c]pyrazolo [2, 7] naphthyridines 6. An effective strategy for the regioselective synthesis of benzo[c]pyrazolo [2, 7] naphthyridines 6a-n was established through a one-pot multi-component synthesis in comparison with a two-step synthetic procedure. The one-pot multi-component synthesis of the respective compounds was carried out by using H 2 O as the solvent. For the said purpose, isatin 7, malononitrile 8 and 3-aminopyrazole 9 were fused, reuxed in H 2 O for 4-5 h and charged with NaOH for a further 2-3 h to afford the formation of the benzo[c]pyrazolo [2, 7] naphthyridines 6a-n (Scheme 1).
The synthesis of benzo[c]pyrazolo [2, 7] naphthyridines was also established through a two-step procedure via the formation of an intermediate, spiro[indoline-3,4 0 -pyrazolo[3,4-b]pyridine] followed by alkaline hydrolysis and intramolecular cyclization. Previously, spiroindoline scaffolds were synthesized by the use of various catalysts in different solvents, 34 whereas in the present study the scaffolds were synthesized by a catalyst free, on-water fusion method. For this, initially the one-pot, three component reaction of isatins 7, malanonitrile 8 and 3-aminopyrazole 9 was performed by fusing them on a sand bath for an appropriate time without a catalyst to afford the formation of
In order to evaluate the substrate scope, the syntheses of various (un)substituted spiro[indoline-3,4 0 -pyrazolo [3,4-b] pyridines] 10a-n were accomplished with excellent yields under optimized reaction conditions ( Table 1) .
The benzo[c]pyrazolo [2, 7] naphthyridines 6a-n were subsequently synthesized by an efficient and eco-friendly protocol involving basic hydrolysis of the synthesized spiro[indoline-3,4 0pyrazolo [3,4-b] pyridines] 10a-n. The solvent also played a signicant role in determining the reaction rates and isolated yields so to investigate the efficiency of the basic hydrolysis of the spiroindoline scaffold 10a, the model reaction was carried out using the solvent free grindstone method as well as in various polar and non-polar solvents, i.e., CH 2 Cl 2 , DMSO, EtOH, MeOH, and THF. From the data listed in Table 2 , water emerged as the best solvent for the basic hydrolysis of isatin, as its structure did not leave free water molecules due to the strong intramolecular hydrogen bonding. It also increased the concentration of hydroxide ions in the medium which enhanced the rate of the hydrolysis of isatin [35] [36] [37] [38] to form the product with a maximum yield in a shorter reaction time (Scheme 3).
Furthermore, the reaction was also performed in the presence and absence of different potential bases such as piperidine, DABCO and NaOH to evaluate the efficiency of the basic hydrolysis of the spiroindoline scaffold. The NaOH (0.6 equiv.) was found to be the best to obtain the target naphthyridine 6a ( Table 2 , entry 6). The optimized reaction conditions were utilized for the required transformations to afford the benzo[c] pyrazolo [2, 7] naphthyridines 6a-n in excellent yields. The presence of electron withdrawing and electron donating groups on the isatin ring had an obvious effect on the yields of the products. The yields were higher for the electron withdrawing groups rather than the electron donating groups. The substrate scope reaction results are summarized in Fig. 2 .
Comparison of reaction sequences
In order to explore the reaction sequences, the control experiment was performed with two different pathways and the same products were obtained with a variation in yields (Scheme 4). The overall yields of substituted benzo[c]pyrazolo [2, 7] naphthyridines 6a-n through one-pot synthesis, were found to have a lower yield (10-15%) than that obtained using hydrolysis of the spiro-intermediate 10a-n.
Reaction mechanism using the Jung and Marcus model
The Jung and Marcus model 39 was used to explain the efficiency and rate acceleration for the on-water synthesis of benzo[c] pyrazolo [2, 7] naphthyridines. The experimental results suggested a tentative mechanistic interpretation that the reaction was initiated at the solid-liquid phase water boundary and stabilized by the hydrogen bonding interactions of the free OH groups of water molecules to deliver the product with an excellent yield. Knoevenagel condensation of isatin 7 with malononitrile 8 form an arylidine intermediate with the loss of a water molecule, followed by Michael addition of pyrazole 9 with arylidine resulted in the formation of the spiroindoline scaffold 10a. The intermediate 10a undergoes ring opening from the amide linkage by basic hydrolysis, followed by ring closure, tautomerization, decarboxylation and aromatization to produce the targeted heterocycle 6a (Scheme 5).
Ring annulation of benzo[c]pyrazolo[2,7]naphthyridines
The basis of the synthesis of the benzo[c]pyrazolo [2, 7] naphthyridines was the additional ring annulation by using amino groups present at 5 and 6 positions. yield (Scheme 6). The substrate scope reaction results are summarized in Fig. 3 .
Application of benzo[c]pyrazolo[2,7]naphthyridines as a cationic chemosensor (6a-n)
In recent years, great attention has been devoted to the detection of metal ions in environmental or biological systems. For this purpose, different types of chemosensors have been synthesized and shown to display high selectivity for the detection of targeted metals in a pool of different metal ions. Among the various transition metal ions, Ni 2+ is an essential nutrient for living organisms and is involved in different biological processes such as metabolism, biosynthesis and respiration. The deciency and extensive use of nickel, affects the life of prokaryotic and eukaryotic organisms. 40 The synthesized compounds 6a-n represent a new class of chemosensors with the presence of benzo[c]pyrazolo [2, 7] naphthyridines as a chromophore and two amino groups as binding sites for selective detection of metals by UV-visible spectroscopy. The UV-visible spectra of compound 6a in DMSO : H 2 O (1 : 5 v/v) were recorded on addition of different metal cations (Al 3+ , Cd 2+ , Co 2+ , Cr 3+ , Cu 2+ , Fe 2+ , Hg 2+ , Mn 2+ , Ni 2+ , Sn 2+ and Sr 2+ ). The spectra of model compound 6a (Fig. S1 , ESI †) showed a bathochromic shi of bands at 537 nm upon the addition of Ni 2+ ions and no shiing of bands was observed for other competing cations. The initial spectroscopic studies of benzo[c] pyrazolo [2, 7] naphthyridines showed a selective colorimetric response for Ni 2+ ions.
Characterization of the synthesized compounds
The structures of the synthesized compounds 10a-n, 6a-n and 11a-f were established on the basis of their spectroscopic data, i.e., IR, 1 H-NMR, 13 C-NMR spectroscopy, and mass spectrometry (MS). The physical and spectral data of spiro[indoline-3,4 0 -pyrazolo [3,4-b ]pyridine] derivatives 10h-i, and 10k-m were in agreement with previously reported data. 34 
Characterization by IR and NMR
The IR spectra of benzo[c]pyrazolo [2, 7] naphthyridines 6a-n showed N-H stretching of the pyrazole and amino groups in the 3421-3088 cm À1 regions. The 1 H-NMR spectra showed NH 2 moieties which resonated at 6.50-7.45 ppm and exhibited a singlet pyrazole N 2 -H at d 12.82-13.32 ppm in the naphthyridine derivatives. Similarly, the 13 C-NMR spectra of compounds 6a-n also agreed with the IR and 1 H-NMR results. The IR spectra of benzo[c]pyrazolopyrimido [2, 7] naphthyridines 11a-f showed N-H stretching of pyrazole in the 3394-3048 cm À1 region. The 1 H-NMR spectra exhibited a broad singlet for pyrimido N 5 -H at 12.41-12.67 ppm and a singlet for pyrazolo N 2 -H at 13.38-13.65 ppm in the benzo[c]pyrazolopyrimido [2, 7] naphthyridines derivatives. The 13 C-NMR spectra of the compounds 11a-f were also in agreement with the IR and 1 H-NMR results.
Characterization by MS (ESI)
The electron-spray ionization (ESI) spectra of all these novel heterocyclic compounds exhibited molecular ions of varied intensity which authenticated their molecular weights. The MS/ MS spectra of 6a-n showed the loss of ammonia (NH 3 ) and nitrogen (N 2 ) as the main fragmentation pathway due to the breakage of C-NH, NH bonds that validated the formation of benzo[c]pyrazolo [2, 7] naphthyridines. The MS/MS spectra of 11a-f showed the loss of N 2 as a main fragmentation pathway. The proposed fragmentation pattern of 6k is illustrated Fig. S2 (ESI †). Comparison of 1 H-NMR and 13 C-NMR spectra A comparison of the 1 H-NMR spectra of the synthesized compounds 10m, 6m, 11f is shown in Fig. 4 [2, 7] naphthyridine 6m, the two peaks of the protons attached to pyridine N 70 -H and indole N 1 -H disappeared and new peaks of NH 2 moieties appeared at 6.86 ppm and 7.45 ppm and the downeld shiing of signals for pyrazole N 2 -H at d 13.08 ppm was observed. Aer ring expansion of benzo[c] pyrazolo [2, 7] naphthyridine 6m to benzo[c]pyrazolopyrimido [2, 7] naphthyridine 11f, the peaks of the NH 2 moieties in 6m disappeared and a new peak of pyrimido N 5 -H was observed at 12.67 ppm. More downeld shiing of signals for pyrazole N 2 -H at d 13.51 ppm was also observed.
The 13 C-NMR spectra of the spiroindoline scaffold 10m showed the peaks of CN, C-NH 2 and C]O groups at 110. 31, 155.27 and 180.16 ppm, respectively, which disappeared in 6m and 11f due to the transformation of these functionalities into new C-C and C-N bond (Fig. S3 , ESI †). 
Conclusion
Experimental
General
All the chemicals were used as received from Sigma-Aldrich. All the melting points were determined using a Fisher-Johns melting point apparatus and were uncorrected. The IR spectra were recorded using KBr pellets on a Shimadzu Prestige-21 spectrophotometer. The 1 H-NMR and 13 C-NMR spectra were recorded on Bruker Avance spectrometer at 300 MHz and 500 MHz, respectively, using DMSO-d 6 . The mass spectra were recorded on a Thermo Scientic LTQ XL system tted with an ESI source, a Jeol 600 MS Route, and a Jeol HX-110 highresolution mass spectrometer (EI-HR). Pre-coated aluminum sheets of silica gel 60 GF 254 (Merck) were used as TLC plates to check the purity of compounds.
General procedure for the synthesis of spiro[indoline-3,4 0pyrazolo [3,4- 
b]pyridine] (10a-n)
A mixture of isatin 7 (2 mmol), malononitrile 8 (2 mmol), 3amino-5-methylpyrazole/3-aminopyrazole 9 (2 mmol) and water (2-5 equiv.) were fused under stirring for an appropriate time (4-5 h) in a sand bath at 110 C. Aer cooling, the products were washed with hot water/ethanol (1 : 1) to give the desired product 10a-n. Further purication was done by recrystallization in methanol. 3.39 ; N, 25.72 ; found (%): C, 55.19; H, 3.42 ; N, 25 .78. General procedure for one-pot multi-component synthesis of naphthyridines (6a-n)
A mixture of isatin 7 (2 mmol), malononitrile 8 (2 mmol), 3amino-5-methylpyrazole/3-aminopyrazole 9 (2 mmol) were fused, reuxed in 5 ml of H 2 O for an appropriate time (4-5 h) to form intermediate spiroindoline scaffolds. The progress of the reaction was monitored by TLC. Aer consumption of the reactant, as indicated by TLC, NaOH (0.6 equiv.) was added to the crude product. The reaction mixture was further reuxed for 2-3 h. The reaction was allowed to cool down to room temperature. The precipitate formed was ltered by suction and washed thoroughly with water/ethanol (1 : 1) to obtain the crude product. The resulting residue was recrystallized in methanol to obtain pure heterocycles 6a-n.
General procedure for the synthesis of naphthyridines (6a-n) from spiroindolines (10a-n)
To the suspension of spiro[indoline-3,4 0 -pyrazolo[3,4-b]pyridine] 10a-n (2 mmol) in 5 ml of H 2 O, NaOH (0.6 equiv.) was added and the mixture was reuxed for (2-3 h). The progress of the reaction was monitored by TLC. Aer completion of the reaction as indicated by TLC, the reaction mixture was allowed to cool at room temperature, the precipitate formed was ltered by suction and washed thoroughly with water/ethanol (1 : 1) to obtain the crude product. The resulting residue was recrystallized in methanol to obtain pure heterocycles 6a-n.
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